Abstract The city of Calgary has been one of fastest growing cities in Canada in recent years. Rapid population growth and a warming climate trend have raised concerns about sustainable water supply. In this study, historic climate, stream flow and population data are analyzed in order to develop models of future climate trends and river-water resource availability. Daily water demands for the next 60 years were projected using the relationship between daily maximum temperature and water demand under simulated climate and population growth scenarios. To maintain sustainable growth Calgary will require water conservation efforts that reduce per capita water use to less than half of the current level over the next 60 years, an interval when the civic population is expected to be doubled.
Introduction
Fueled by low unemployment rates and high economic growth, Calgary is one of the fastest growing cities in Canada. The population growth has been greater than 2% per year over the past 15 years and is expected to continue to grow with an average rate of 1.6% over the next 12 years (City of Calgary, 2002) . In conjunction with the growth, there is an increasing demand for water supply. The water supply is limited however, as Calgary is situated within one of the driest regions in Canada, with potential evapotranspiration rates exceeding precipitation. Water for the city is derived entirely from two river systems (Bow and its tributary Elbow), which originate from headwaters regions to the west in the Rocky Mountains. Historic climate records indicate a warming trend in the Canadian Prairies, with average annual temperature increasing at a rate about 1.0 8C/100 years (Gan, 1998; Zhang et al., 2000) . These rates of increasing temperature are expected to continue throughout this century. Studies of rivers flowing from the Rockies in Canada and the United States (Rood, 2005) suggest that rivers in southern Alberta have experienced the fastest decline in flow rates in recent years.
The vast majority of users in Calgary obtain water directly from the municipal supply, with only a small minority using either groundwater wells or having independent surface water withdrawal licenses. Therefore the Calgary municipal water demand can be best represented by the daily municipal water production. Municipal water demand exhibits a strong seasonal variation, with summer demand being about 170% of winter demand during 'normal' years and could be up to 250% of winter demand in 'hot and dry' years. A previous study (Akuoko-Asibey et al., 1993) demonstrated that summer water consumption increases dramatically when either weekly mean temperature exceeds 10 8C, or when weekly precipitation accumulation is less than 30 mm.
With fast population growth and a warming climate, water demand is expected to increase in Calgary, raising sustainability concerns regarding the municipal water supply. The people of Calgary need to manage their water supply both to support current needs and provide for future population growth. Conservation efforts have already slowed the water demand growth, with per capita demand decreasing from approximately 800 L/day per person in 1979 to 516 L/day per person in 2003 (Bow River Basin Council, 2005) . Still, projections of water demand and supply considering climate and river flow variation scenarios are needed to formulate water supply strategies for sustainable water resource management for the city.
In this study, the historical climate and stream flow-rate trends, as well as water consumption data during the past century were examined. Particular effort has been made to establish a quantitative relationship among climate variation, population growth and water demand. A discussion on the balance between projected future municipal water demand and river-water supply capacity follows.
Methods
Climate trend analysis Chen et al. (2004) illustrated how cyclicity is a typical and common component in climate data. To eliminate the effect of the cyclic component on projected future climate variation using a stochastic method, we propose to use a three-component model for fitting historical climate and stream flow rate records. This nonlinear model, consisting of a linear trend (Eq. 1), a long-term periodicity component (Eq. 2), and a red noise (Eq. 3):
where t is time (year), a, b, a, and b, are unknown coefficients, and v and T are phase and periodicity length to be determined. These unknown parameters can be estimated by minimizing the red noise (residuals), c in Eq. 3.
where y t are the measured values of climate variables, and v t þ w t are the modeled values.
Future climate time series generation
Any second stationary discrete time series, y(k), can be expressed as a complex exponential Fourier series:
where A( j) ¼ a j 2 ib j ¼ jA( j)jexp{2if( j)} is the jth complex Fourier coefficient, and f( j) is the jth phase. Theoretically, the square of amplitude, S(v) (power spectrum), of a time series in the frequency domain is the Fourier transform of the covariance function C(h) of the time series (Pardo-Iguzquiza and Chica-Olmo, 1993) :
If a simulated time series has the same S(v) as the observed one, all the second movement statistical features in the simulated series are retained. Under a climate scenario, Eq. (4) can be used to generate the red noise. The estimated trend and cyclic components (Eqs. 1 and 2) can then be added to the red noise, producing a future climate time series. In this study, a least square optimization method was used for model parameter estimation. Details of the least square optimization method can be found in MathWorks (2004) .
Data analysis results

Data available
All climate data are from Environment Canada. Four historical time series data sets were collected for this study, which include climate records, stream flow-rates, water production and population data. The climate records consist of annual and daily minimum and maximum temperature records, as well as precipitation (snow and rain fall) recorded at the Calgary international airport. The annual maximum temperature records were used to extract general trends and natural cycles. The daily records were used to study the correlation with daily city water production (demand) and to extract statistics for the simulation of future climate time series. Stream flow data are daily flow-rates collected at six different locations along the Bow and Elbow Rivers. Figure 1 shows the locations of river water gauges within the study area. The longest records, starting in 1909, are located at Banff and Calgary along the Bow River. The other locations (Lake Louise, Pipestone, Glenmore and Brag Creek) are less complete, with much shorter records. Calgary Waterworks authorities provided water production data, which includes an annual production time series and a daily production profile (1986 -2004) . In this study, the production is regarded as equivalent to the water demand in Calgary, although actual municipal consumption is likely to be less than the production due to leakage etc. Because historically not all users were fully metered, actual consumption cannot be measured (current meter rates are 75% of users). The current estimated breakdown of water use includes residential (52%), industrial/commercial (34%), neighboring communities (2%), and leakage (12%). The population data set consists of annual population statistics for Calgary, and the civic population forecast for the next 12 years (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . This population dataset was used to project population growth to where it is estimated to double (by 2064). Population forecasts over such a time period are admittedly subject to error, but the intent here is to assess water resource availability to supply a doubling of the population under the current growth trends.
Climate trends Figure 2a plots the Calgary annual mean maximum temperature, showing general trends and variations over the past 105 years. This time series was decomposed into three components; a linear trend, a long-term cyclic component and the 'red' noise using the proposed non-linear model. The detected linear trend shows a temperature increase of 0.45 8C/100 years ( Figure 2b ). The identified long-term cycle ( Figure 2c ) has a length about 64 years with a magnitude of 0.56 8C. The red noise (residuals) composes of number of short-term cycles and random noise ( Figure 2d ). The annual mean minimum temperature records also suggested multi-decadal cycles and a linear trend increasing at a much higher rate (1.5 8C/100 years). The analysis of cyclic components indicates that a shorter cycle (, 30 years) with a magnitude of 0.5 8C dominates the minimum temperature. A longer cycle is detectable from the residuals. Interestingly, the difference in the length of mutlidecadal cycles for the minimum and the maximum temperatures suggests that they may be governed by different climate forcing mechanisms. It is interesting to note that a correlation study between five-year moving averages of monthly observation of the Pacific decadal oscillation (PDO) and maximum monthly temperature shows a positive correlation (0.7) with a time lag of 36 months. The mean annual temperature, an average of the annual maximum and annual minimum temperatures, exhibits a linear increase of 0.9 8C/100 years, consistent with the observation of others (Zhang et al., 2000 , Chen et al., 2004 . Analysis of the annual precipitation records indicates a linear increasing trend of 30 mm in the past 105 years, and a long-term cycle of 58 years with an estimated magnitude about 60 mm (about 20% of the annual variation). The data exhibits a decreasing trend of variation in annual precipitation from a typical range, between 300 to 700 mm per year, prior to 1950s to a narrower range, between 350 to 600 mm per year, subsequently. The precipitation records suggest that the number of wet days (precipitation . 0) has been increasing persistently, with the fastest growth rate in the period prior to 1940. Because the potential evapotranspiration rate is higher than precipitation in the Calgary area, the trend to more wet days but with less precipitation could increase evapotranspiration efficiency and reduce water flow to rivers. The increasing trend of the number of rainy days may also explain the trend of decreasing precipitation variance.
Stream flow-rate
Flow-rate analysis at Calgary is hampered by constructed reservoirs that regulate water flow and disrupt the natural daily flow-rate. The reservoirs act as buffers, with the effects of both smoothing high frequency flow-rate variations and increasing base flow-rate. Fortunately all these reservoirs are small, holding much less than an annual discharge, and permitting the analysis of the total annual flow-rate to eliminate the effect of the engineering works. A trend analysis of the total annual flow-rate indicates declines by 5.7% over the past 90 years (Figure 3b) , with a 46-year cyclic component with a 4000 m 3 /s magnitude ( Figure 3c ). As previously mentioned the increase in number of wet days could negatively impact the water discharge through greater evaporation. In addition work by Hopkinson and Yong (1998) show that glacier wastage (i.e. melt minus accumulation) provided on average 2% of the average annual river discharge at Banff. A reduced glacier component may also account for part of the flow reduction. However it should be pointed out that the glacier component at Calgary is significantly less than at Banff given numerous tributaries adding water to the Bow River past Banff which drain unglaciated headwaters. Based on glacier wastage values provided by Hopkinson and Yong (1998) , we estimate the glacier component to be less than 1% of the annual river discharge (Bow and Elbow) through Calgary, and no more than 5% during extremely low flow periods (e.g. the August 1970 low flow event). There are two prominent features in the water production time series. The first is a seasonal variation. Water production peaks in the summer when daily maximum temperatures are the highest (Figure 4) . Peak demand can be up to two and half times larger than baseline values. The second feature is the relationship to population growth. In general, water production is proportional to the population ( Figure 5) . However, water production shows significant deviations from the population growth trend from the 1970s to 1980s. Average per capita water use declines with time, such that current per capita water demand is about half the amount for the period in the 1930s and 1940s (Figure 4b ). This decline trend reflects the results of a broad based strategy towards civic water conservation (main replacement, mandatory water metering, public education, regulation, etc.). While population growth as shown here has by far the strongest control on increasing average annual water demand, temperature has a significant control on peak demand days (see below). increased dramatically when mean weekly temperatures exceed 10 8C. The daily maximum temperature and daily production data confirmed this relationship (Figure 4 ). An exponential model was employed to quantify the relationship between per capita water use and daily maximum temperature. To determine the model parameters, 1996-2000 water production/consumption data was used as it best reflects the reduced per capita water demand subsequent to the institution of conservation efforts. This model is used to project Calgary water demand under given future climate and population scenarios.
Prediction of future water consumption trends
It is clear, from the analyses above, that the two main factors affecting water demand in Calgary are population growth and climate variation. To project future water demand (i.e. production rates), we need to link both the climate and the population growth models. A climate scenario, assuming that maximum daily temperature increases linearly at a rate of 0.5 8C per century and containing a 64-year cyclic component, was generated using the proposed stochastic simulation method described above. Population growth has been the most important cause of increased water demand. Future population growth projections are based on historical data and city of Calgary forecast for the next 12 years. By fitting an exponential model, the present population would double by 2064. Projected Calgary municipal water demand is then a function of both daily maximum temperature and total population. It should be clear that the results presented here are just one realization of many equally probable outcomes from stochastic simulation. They are shown as examples of climate impact scenarios which may affect water supply/demand and we intend them to be taken as accurate predictions of future conditions.
Under the scenario of 25% conservation effort over next 60 years, the base line water use increases about 75%, and the maximum daily water demand is generally less than 1600 megalitres (ML)/day (Figure 6a ), except during extremely hot days when daily water demands are expected to exceed 2000 ML/day. Given that the current water withdrawal limit for Calgary is about 1,000 ML/day (see below), it is clear that the summer water demand would start to exceed the current daily withdrawal limits around 2015. Due to a continuous global warming trend, even with a water conservation strategy that reduces the water use to its half amount in 2064 when the population doubles, the projected water demands could still exceed the 1000 ML/day during the prolonged hot and drought periods (Figure 6b ). The city of Calgary withdraws water from both Bow and Elbow Rivers. For the last 15 years, the annual water discharge from the Elbow River comprised about 6.5213.5% of the combined Bow and Elbow discharge. The annual licensed water allocation from the Elbow is 108,546 ML/year, an average of about 300 ML/day, however this withdrawal can be stored in the Glenmore Reservoir and produced at a higher daily rate when needed. Due to increased water quality standards, the production capacity from the Glenmore reservoir has been consistently decreasing from 60% in 1988 to 35% of total in 2004. Planned treatment plant upgrades will bring this capacity back to 400 ML/day. Bow River will ultimately be the major water source to meet the increasing future demands. Licensed allocation of Bow River for Calgary municipal use was 351,793,900 m 3 (about 12% of the annual discharge) in 2002 (Bow River Basin Council, 2005) with daily withdrawal restricted to a total 626.4 ML/day (effectively limiting withdrawal to 65% of the annual license). Will the Bow River be able to meet future demand as temperature and population increase? And when will the future demand exceed approved river withdrawals? Three key factors, controlling the water demand and supply equation including climate warming, population growth, and river flow-rate variation, need to be examined in tandem.
In general, it appears that with a strategy of a 50% conservation effort by the time when population doubles, the city will be able to provide a sustainable water supply on Figure 6 Historical and projected water demands in Calgary with different conservation scenarios, (a) 25% conservation and (b) 50% conservation over 60 years. The models of future daily maximum temperature and population growth were discussed in the text Z. Chen et al. an annual basis for the given climate scenario (although there could be hot summer days where demand exceeds supply). The simulated future total discharge predicts low river flows by the 2060s, so that demand could exceed 20% of the total river discharge in the city of Calgary. This happens when the multidecadal river discharge cycle comes to its low period, coupled with temperature at its high period in the 2060s.
Historical data indicates that the combined total water discharge from Bow and Elbow peaks in April and May; whereas maximum temperature peaks in July and August, when the flow-rate drops to a half or one-third of peak values. Water demand in Calgary also peaks during the July -August period. The flow-rate data at Calgary indicates that the minimum August monthly flow-rate has increased from 17.5 m 3 /s prior to 1951 to a minimum level of 33.4 m 3 /s in 1956, because of the construction of dams like the Spray Lake Dam. Historical production indicates that the maximum water production from the Glenmore Reservoir is 400 ML/day in 1987 and could be near the maximum capacity.
With a conservation effort of 25% over the next 60 years, the water demand in the summer could reach 1600 ML/day (1600 £ 10 3 m 3 ) by 2050. In the worst scenario (historical minimum monthly flow rate), Calgary could need 40% of the daily discharge from the Bow River. In winter months, Glenmore Reservoir contributes only a small portion to total water production (, 200 ML/day), and the Bow River provides about 80% of the daily production. In February, water demand could be . It should be noted however that supply is ultimately restricted by the licensed daily withdrawal, so that this excess demand would have to be meet by water restrictions. However, production and storage of treated water during low demand periods could help offset times of peak demand. In addition methods of recycling water from the waste stream would in effect increase the daily water availability (the city is not required to return extracted water to the river system and could in theory re-use treated waste water).
In the demand and supply analysis above, no river flow-rate decline is assumed. However the Bow River has declined 5.7% in 90 years with an average annual decrease rate of 0.063% of the flow-rate. This decline is likely a result of complex climate system within the headwater regions and could likely continue in the future.
River flow data show multidecadal oscillations (cycles) with a magnitude up to 12% of the average value, which means that river flow in a low flow period could only have 88% average flow-rate. The observed cycles in the Bow and Elbow river flow-rate are about 45 years. If these climate cycles continue, the next expected low water periods could be in late 2010s and early 2060s. With less water available in those low flow periods, the city of Calgary's allocated withdrawal will represent a larger percentage of the river supply potentially competing with other users. These issues are dealt with through a 'first in time' system where water licenses are granted seniority based on date of issue (the most recently issued licenses are first to lose their water allocation during time of flow reduction).
Conclusions
Both the historical annual mean minimum and maximum temperatures at Calgary have increased, but at different rates: 1.5 8C and 0.45 8C, respectively over the past century. Multi-decadal cycles are observable in the climate records. The difference of dominant cycle length in minimum and maximum data records may indicate different forcing mechanisms. More study is needed to understand the relationship between climate Z. Chen et al. 9 variations and climate forcings. An increasing number of days with rain and a decreasing precipitation variance characterize precipitation trends. The impact of warming on circulation may explain the increased number of annual precipitation days.
During the past 80 years, stream base-flows in the Bow River appear to be constant, however summer flow-rates show a declining pattern with different rates at different locations. The average annual total river discharge is 3.32 £ 10 9 m 3 in Calgary and
shows a linear decline of 6% in 100 years. The multidecadal cycle observed in the discharge data is 44 years with a magnitude of 400 m 3 /s.
Per capita water-demand exhibits a rapid increase when daily maximum temperature exceeds ,10 8C creating peak demand conditions well above background. This temperature demand dependence has been fitted by an exponential model and was used to project future Calgary per capita water demand. Consideration of both population growth and climate variation, the projected Calgary water demand is expected to be proportional to population growth rate if no water conservation strategy is applied. The future water demands are also affected by an increase in the number of days when the maximum temperature exceeds 10 8C.
The current water withdrawal licensees give ,1000 ML/day for the city of Calgary municipal water use. Current summer water production has almost reached this limit. The projection of water demands with a 25% conservation strategy appears to be inefficient to balance the demand growth and supply availability. It will exceed the 1000 ML/day licensed water withdraw by 2020 and peak demand requires daily production in the order of 1500 ML/day in 2060s when the population doubles. A conservation strategy with reducing water use to a half of the present day level by 2060s is sustainable, in general. However, it is expected that water production may exceed the licensed water withdrawal in hot summer days in the periods when climate cyclic variation is predicted to result in the hottest and driest times, in the 2060s, coupled with a continuous increasing trend in the temperature. To deal with this, in addition to conservation, the city may require water restrictions (limiting of outdoor use) and water reuse strategies to be in place.
